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ABSTRACT
There were performed analyses of the leaves and stem bark of Stryphnodendron adstringens, a Brazilian 
Cerrado plant, to examine the seasonal patterns of phenylalanine ammonia-lyase activity and total phenol and 
tannin contents in 16 adult individuals under field conditions. The measurements of gas exchange parameters, 
including net photosynthesis, transpiration and stomatal conductance, as well as the photosynthetic photon 
flux density, leaf temperature, vapor pressure deficit and leaf water potential were also performed. The 
results were subjected to a principal component analysis. The values obtained for stomatal conductance, net 
photosynthesis, transpiration, water use efficiency, minimum water potential and photosynthetic photon flux 
density were higher in the rainy season, while the maximum water potential and vapor pressure deficit in 
the atmosphere were similar between seasons. The seasonal variations in gas exchange characteristics were 
influenced by changing weather conditions and were positively correlated with higher air temperatures, 
rainfall amounts and relative air humidity and negatively correlated with increased insolation. There was 
no correlation between the maximum leaf water potential and any of the weather variables. Phenylalanine 
ammonia-lyase activity was similar in the dry and rainy seasons, and higher levels of total phenols and 
tannins were observed in the dry and rainy seasons, respectively. Phenylalanine ammonia-lyase activity 
and total phenol contents were negatively influenced by temperature and rainfall in the dry season, and the 
total tannin contents were mainly correlated with higher temperatures and a lower influence of rainfall in 
the rainy season.
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RESUMO
Folhas e cascas do caule de Stryphnodendron adstringens, uma espécie do Cerrado brasileiro, foram 
utilizadas para examinar os padrões sazonais da atividade da fenilalanina amônia-liase e os teores de fenóis 
e taninos totais em 16 indivíduos adultos, em condições de campo. Avaliações das trocas gasosas, incluindo 
fotossíntese líquida, transpiração, condutância estomática, densidade de fluxo de fótons fotossinteticamente 
ativos, temperatura da folha, deficit de pressão de vapor e potencial hídrico foliar foram realizadas. Os 
resultados foram submetidos à análise de componentes principais. A condutância estomática, fotossíntese 
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líquida, transpiração, eficiência do uso da água, potencial hídrico mínimo e densidade de fluxo de fótons 
fotossinteticamente ativos foram maiores na estação chuvosa, enquanto que o potencial hídrico máximo 
e o deficit de pressão de vapor na atmosfera foram semelhantes entre as estações. As variações sazonais 
nas características de trocas gasosas foram influenciadas por mudanças nas condições climáticas e se 
correlacionaram positivamente com as maiores temperaturas, precipitação e umidade relativa do ar e 
negativamente com o aumento da insolação. Não houve correlação entre o potencial hídrico foliar máximo 
e as demais variáveis  climáticas. A atividade da fenilalanina amônia-liase foi semelhante nas estações seca 
e chuvosa e os maiores teores de fenóis e taninos totais foram observados nas estações seca e chuvosa, 
respectivamente. A atividade da fenilalanina amônia-liase e os teores de fenóis totais foram influenciados 
negativamente pela temperatura e precipitação na estação seca, e os teores de taninos totais foram 
correlacionados principalmente com temperaturas mais elevadas, com menor influência da precipitação na 
estação chuvosa. 
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INTRODUCTION 
The Brazilian Cerrado represents the major savanna region in America and covered approximately 2 
million km2 of Brazil’s territory. This formation occurs under a tropical semi-humid climate with pronounced 
seasonality characterized by hot and wet summers, and cold and dry winters (BATLLE-BAYER; BATJES; 
BINDRABAN, 2010). The vegetation is constrained by multiple adverse factors, especially fire, low levels 
of nutrients in soil, high evapotranspiration rates and high insolation levels (HARIDASAN, 2008). Oh, 
Trick and Rajashekar (2009) reported that the availability of environmental resources is a key factor causing 
temporal fluctuations in metabolites levels. 
The phenylpropanoid pathway constitutes a major secondary metabolic pathway in plants, leading 
to the synthesis of a variety of compounds, such as flavonoids, anthocyanins, tannins, plant hormones, 
lignins and benzoic acid derivatives (WINKEL-SHIRLEY, 2001). Phenylpropanoids are derived from 
trans-cinnamic acid, a deamination product of L-phenylalanine through a reaction catalyzed by the enzyme 
L-phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) (SREELAKSHMI; SHARMA, 2008). PAL activity 
increases, and many phenylpropanoids accumulate as a consequence of biotic factors, such as herbivorous 
insects and infection by viruses, bacteria and fungi, and various abiotic stressors, as drought, heat, UV-B 
light, low and high temperatures, wounding and low nitrogen (BARBEHENN et al., 2009; OH; TRICK; 
RAJASHEKAR, 2009; GERM et al., 2010; GIBERT et al., 2012). 
Tannins are polyphenolic compounds considered C-based secondary metabolites 
(HEYWORTH et al., 1998). The concentration of tannins is a highly plastic trait; it varies with plant 
genotype, tissue developmental stages and environmental conditions (BARBEHENN; CONSTABEL, 
2011). The tannins (20–30%) in the stem bark of Stryphnodendron adstringens (Mart.) Coville, a 
typical species of the Brazilian Cerrado are associated with the therapeutic use of this plant in folk 
medicine as an anti-inflammatory agent (COSTA et al., 2010), wound healing (HERNANDES et al., 
2010), for the protection of gastric mucous membranes (FALCÃO et al., 2008) and antiprotozoan 
(ALBERNAZ et al., 2010). 
Although there is a great deal of knowledge regarding the environmental constraints on plant 
development and growth in the Cerrado, the physiological and biochemical basis of the responses of plants 
to the variations of the physical environment are poorly understood. Thus, three main questions were 
addressed in our study: (1) How do seasonal patterns of environmental variations affect gas exchange and 
water relations in Stryphnodendron adstringens? (2) How do environmental constraints affect PAL activity 
and phenol and tannin contents? (3) How are the gas exchanges and water relations connected to PAL 
activity as well as phenol and tannin contents, and what are the environmental influences on those links?
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MATERIAL AND METHODS
Site description and plant material
The study was carried out in a remnant of Cerrado sensu stricto (24 ha) in the municipality of 
Lavras, Minas Gerais, Brazil (21o13’46”S and 44o58’32”W, average altitude 908 m). The weather data for 
the years 2002-2003 were provided by Lavras’ Main Meteorological Station. The study area is characterized 
by a mesothermic climate (type Cwa – moist temperate) (KÖPPEN, 1948), with two distinct seasons: a dry 
season from April to September and a rainy season from October to March. The annual average temperature 
is 19.4 oC, with the lowest temperatures occurring during the driest months of the year. The average annual 
rainfall and relative humidity are 1,529.7 mm and 76.2%, respectively (BRASIL, 1992). Sixteen adult 
individuals of Stryphnodendron adstringens (Mart.) Coville (Fabaceae - Papilionoideae) (4.20 ± 0.19 m in 
height) were assessed randomly during fourteen months, from October 2002 to late November 2003. The 
exsiccates (n. 17227) were deposited in the ESAL Herbarium of the Federal University of Lavras, Minas 
Gerais, Brazil.
Leaf gas exchange
Measurements of net photosynthesis (A), transpiration rate (E), stomatal conductance (gs), 
photosynthetic photon flux density (PPFD), leaf temperature (LT), water use efficiency (WUE) and vapor 
pressure deficit (VPD) were performed using an infrared gas analysis system (IRGA – ADC-LCA-4, 
Hoddesdon, UK). Two fully expanded, mature leaves per individual were sampled on clear sky days, always 
from 10:00 am to midday. 
Leaf water potential
The maximum (6:00 a.m.) and minimum (midday) leaf water potentials (WPmax and WPmin) 
were evaluated under the same conditions as gas exchange using a Scholander-type pressure chamber (Soil 
Moisture 3005 model). 
PAL activity
PAL activity was assayed using the method described by Assis et al. (2001), in a reaction medium 
containing 0.1 M borate buffer, pH 8.8, 30 mM L-phenylalanine, and an aliquot of the leaf extract containing 
the enzyme in a total volume of 3 mL. PAL activity was determined based on the production of cinnamate for 
90 min at 30 oC under continuous shaking, and measured as the change in absorbance at 290 nm (ZUCKER, 
1965). The enzyme activity was expressed in mmol cinnamic acid h-1 g-1 of fresh mass.
Total phenol and tannin contents 
Fragments of stem bark (500 mg) were lyophilized, crushed and subjected to extraction with 
methanol: water (1:1 v/v) under reflux. The final volume of the extract was 25 mL, and an aliquot of 100 
mL was used to determine the total phenol content spectrophotometrically using Folin–Ciocalteu’s reagent, 
as described by Singleton and Rossi (1965) and Pastrana-Bonilla et al. (2003). The total tannins were 
determined according to the Radial Diffusion method, described by Hagerman (1987). 
Statistical analysis
The data on meteorological, gas exchange and biochemical variables were subjected to Shapiro-
Wilk test and Bartlett (c²) tests to check the normality and homogeneity of variances, respectively. All 
variables were normally distributed and the variances were homogeneous across months. Thus, principal 
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components analysis (PCA) and Pearson’s correlation analysis were carried out to climatic, gas exchange 
and biochemical variables, considering the months as cases. When the variables were grouped by season, 
they were not normally distributed. Under these conditions, comparisons between seasons were performed 
using the Mann-Whitney test (p<0.01). All data analyses were performed using the statistical program R (R 
DEVELOPMENT CORE TEAM, 2011). 
RESULTS AND DISCUSSION
The climatological characteristics of the experimental period were considered atypical compared 
to normal climatic conditions verified from 1960 to 1990, which may be related to the observed changes in 
the typical seasonality of the study region (Figure 1). In general, the experimental period was warmer and 
drier than expected for the region. The maximum, mean and minimum air temperatures were, on average, 
FIGURE 1: Values of the average monthly maximum (A), medium (B) and minimum air temperatures (C), 
relative air humidity (D), monthly total rainfall (E) and insolation (F), observed from October 
2002 to November 2003. The solid line with filled circles and dark bars represents the observed 
values, and the dotted line with unfilled circles represents normal values (1961-1990).
FIGURA 1: Valores médios mensais das temperaturas do ar máxima (A), média (B) e mínima (C), umidade 
relativa do ar (D), precipitação mensal total (E) e insolação (F) observadas de outubro de 2002 
a novembro de 2003. A linha contínua com círculos cheios e as barras escuras representam os 
valores observados, e as linhas pontilhadas com círculos vazios representam valores normais 
(1961-1990).
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1.7 oC, 1.4 oC and 1.1 oC above normal values, respectively, with the months of August and October 
2003 presenting the largest discrepancies of expected values and being warmer (Figures 1A, 1B and 1C). 
However, the reduction of the rainfall by 218 mm and an increase in isolation of 75 hours were observed 
(Figures 1E and 1F). There were no major shifts in relative humidity, which was reduced by approximately 
7% in relation to normal values.
The PCA showed differences in weather conditions between months in the experimental period 
(Figure 2). These differences were evident along the first principal component and the second component, 
which explained 58.0% and 39.0% of the variance, respectively. The rainfall, minimum temperature and 
insolation were the variables with higher contribution to the first component and the maximum and medium 
temperatures along with the relative air humidity mostly contributed to the second component. The first 
component separated the study months in two groups: dry season (April to September/2003) and rainy 
FIGURE 2: Biplot of climatic variables during the experimental period: dark circle (Nov./2002); dark 
triangle (Dec./2002); dark inverted triangle (Jan/2003); dark square (Feb./2003), dark diamond 
(Mar./2003); light circle (Apr./2003); light triangle (May/2003); light inverted triangle 
(June/2003); light square (July/2003); light diamond (Aug./2003); light star (Sept./2003); 
dark pentagon (Oct./2003); dark star (Nov./2003). The vectors represent the behavior of 
insolation (INSOL), relative air humidity (RH), rainfall (RAINF) and the maximum (TMAX), 
medium (TMED) and minimum (TMIN) air temperatures.
FIGURA 2: Gráficos sobrepostos das variáveis climáticas durante o período experimental: círculo escuro 
(Nov/2002), triângulo escuro (Dez/2002), triângulo escuro invertido (Jan/2003), quadrado 
escuro (Fev/2003); diamante escuro (Mar/2003), círculo claro (Abr/2003), triângulo claro 
(Mai/2003), triângulo claro invertido (Jun/2003), quadrado claro (Jul/2003), diamante claro 
(Ago/2003), estrela clara (Set/2003), pentágono escuro (Out/2003), estrela escura (Nov/2003). 
Os vetores representam o comportamento da insolação (INSOL), umidade relativa do ar 
(RH), precipitação (RAINF) e a temperatura do ar máxima (TMAX), média (TMED) e 
mínima (TMIN).
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season (October/2002 to March/2003 and October and November/2003), agreeing with the seasonality 
reports by Dantas, Carvalho and Ferreira (2007). In general, the months characterized as part of the rainy 
season displayed higher levels of rainfall, temperature and relative humidity and lower isolation compared 
to the months of the dry season. 
The gas exchange and physiological characteristics were analyzed and grouped after PCA in relation 
to the months corresponding to the dry and rainy seasons. The gas exchange characteristics and leaf water 
potential values are shown in Figure 3. In general, the variables stomatal conductance, net photosynthesis, 
transpiration, water use efficiency, minimum leaf water potential and photosynthetic active radiation 
FIGURE 3: Box-plots representing the values for gas exchange characteristics in the rainy and dry seasons. 
The bars represent values between 25 and 75%, while the solid lines represent the median, and 
the whiskers represent values between 5 and 95% of the data distribution. The circles represent 
outlier values. A- stomatal conductance (gs), B- net photosynthesis (A), C- transpiration 
rate (E), D- water use efficiency (WUE), E- maximum leaf water potential (WPmax), 
F- minimum leaf water potential (WPmin), G- Vapor pressure deficit in the atmosphere (VPD); 
H - Photosynthetic photon flux density (PPFD). The values obtained from the Mann-Whitney 
test (U, P <0.01) are shown in the lower left corner of each plot.
FIGURA 3: Gráficos em caixa representando os valores para as características de trocas gasosas nas 
estações chuvosa e seca. As barras representam valores entre 25 e 75%, enquanto que as 
linhas sólidas menores dentro das barras representam a mediana, e as linhas sólidas que se 
projetam para fora das barras representam valores entre 5 e 95% da distribuição dos dados. Os 
círculos representam valores discrepantes. A - condutância estomática (gs), B - fotossíntese 
líquida (A), C - transpiração (E), D - eficiência no uso da água (WUE), E - potencial hídrico 
foliar máximo (WPmax), F - potencial hídrico foliar mínimo (WPmin), G - deficit de pressão 
de vapor (VPD), H - fluxo de fótons fotossinteticamente ativos (PPFD). Os valores obtidos 
a partir do teste de Mann-Whitney (U, P<0,01) são mostrados na lateral esquerda inferior de 
cada gráfico.
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(Figures 3A-D, F and H) were higher in the rainy season, while those for the maximum leaf water potential 
(Figure 3E) and vapor pressure deficit (Figure 3G) in the atmosphere were similar between seasons. 
The seasonal patterns observed in gas exchange characteristics were greatly influenced by changing 
environmental conditions (Table 1). In general, gas exchange was positively correlated with increments in 
temperature, rainfall and relative humidity and negatively correlated with increased insolation. There was 
no correlation detected between the maximum leaf water potential and the environmental variables. In the 
rainy season, the increased rainfall, temperature and relative humidity and reduced insolation can be related 
to the highest photosynthetic capacity and water use efficiency in Stryphnodendron adstringens (Figures 
1 and 3) According to Grace et al. (2006), strong seasonal variations in rainfall induce large seasonal 
fluctuations in energy, water and carbon fluxes in the Cerrado. The maximum net C uptake is observed 
in the rainy season, when the system acts as a strong carbon sink, while during the dry season, biological 
activity decreases, and carbon flows occur (LILIENFEIN et al., 2001). The absence of correlations to the 
maximum seasonal leaf water potential may be associated with the characteristics of the study species, 
which exhibits a deep root system and, thus, displays a great capacity to recover its water status during the 
night (HARIDASAN, 2008). Deciduous and brevideciduous Cerrado tree species that hydraulically lift 
water tend to present conspicuously dimorphic root systems (SCHOLZ et al., 2007), which has profound 
implications for the regulation of the tree water balance as well as processes related to hydrological cycles 
in Cerrado ecosystems (BUCCI et al., 2008). According to Meinzer et al. (1999), variations in the plant 
water status of deeply rooted trees and shrubs are relatively small and that their maximum transpiration 
rates are not severely limited by seasonal variation in soil moisture.
TABLE 1: Pearson’s correlation coefficients between gas exchange and water potential values with 
meteorological variables.
TABELA 1: Coeficiente de correlação de Pearson entre os valores das trocas gasosas e potencial hídrico 
com as variáveis meteorológicas.
Correlation of gas exchange and water potential with weather conditions
Positive Correlation Negative Correlation 
A TMAX (0.42*), TMED (0.65*), TMIN (0.72*),      RAINF(0.74), RH (0.65*) INSOL (-0.62*)
E TMIN (0.37*), RAINF (0.58*), RH (0.61*) INSOL (-0.51*)
gs TMED (0.33*), TMIN (0.47*), RAINF (0.76*),RH (0.76*) INSOL (-0.72*)
WUE TMAX (0.31*), TMED (0.51*), TMIN (0.55*),RAINF (0.55*), RH (0.38*) INSOL (-0.49*)
WPmax ns ns
WPmin TMAX (0.49*), TMED (0.53*), TMIN (0.46*),RAINF (0.26*) ns
PPFD TMAX (0.24*), TMED (0.40*), TMIN (0.46*),RAINF (0.52*), RH (0.61*) INSOL (-0.42*)
VPD TMAX (0.25*), TMED (0.33*), TMIN (0.40*),RH (0.33*) ns
*Significant correlation by t test (P <0.05); ns - correlation not significant by t test (P <0.05). A= net photosynthesis; 
E= transpiration rate; gs= stomatal conductance; WUE= water use efficiency; WPmax= maximum leaf water potential; 
WPmin= minimum leaf water potential; PPFD= photosynthetic photon flux density; VPD= vapor pressure deficit 
(VPD); TMAX= maximum temperature; TMED= medium temperature; TMIN= minimum temperature; RAINF= 
rainfall; RH= relative humidity; INSOL= insolation.
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Concerning the biochemical variables (Figure 4) PAL activity was similar between seasons. 
Higher levels of total phenols and tannins were observed in the dry and rainy seasons, respectively. The 
Figure 5 and Table 2 show that in general, the PAL activity and total phenol contents were negatively 
influenced by temperature and rainfall in the dry season. The levels of total tannins showed an inverse 
behavior, mainly related to higher temperatures and a lower influence of rainfall in the rainy season 
(Figure 5A and Table 2). However, the relationship between these variables and rainfall should be viewed 
with caution, since there is a clear gap in the temporal physiological response patterns associated with the 
reduction of rainfall. According to Bucci et al. (2008), water availability in the soil may be more important 
than the amount of precipitated water in causing physiological effects in plants.
FIGURE 4: Box-plots representing the distribution values of biochemical variables obtained in the dry 
and in the rainy seasons. The bars represent values between 25 and 75%, while the solid 
line represents the median, and the whiskers represent values between 5 and 95% of the data 
distribution. The circles represent outlier values. A- PAL activity, B- Total phenolics, C- Total 
tannins. The values from the Mann-Whitney (U, P <0.01) or t test (t, P <0.01) are shown in the 
lower left corner of each plot.
FIGURA 4: Gráficos em caixa representando a distribuição dos valores das variáveis bioquímicas obtidas 
nas estações seca e chuvosa. As barras representam valores entre 25 e 75%, enquanto que as 
linhas sólidas menores dentro das barras representam a mediana, e as linhas sólidas que se 
projetam para fora das barras representam valores entre 5 e 95% da distribuição dos dados. 
Os círculos representam valores discrepantes.  A - Atividade da fenilalanina amônia-liase; 
B - Fenóis totais. C - Taninos totais. Os valores obtidos a partir do teste de Mann-Whitney 
(U, P<0,01) ou teste de t (t, P<0,01) são mostrados na lateral inferior esquerda de cada gráfico.
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According to Solecka and Kacperska (2003), phenolic compounds accumulate in the tissues affected 
by stress and are thought to protect plants against various biotic and abiotic stressors. The production of 
polyphenols is partly under genetic control and partly determined by environmental conditions (HERMS; 
MATTSON, 1992). Under natural conditions, plants rarely experience single abiotic factors alone and are 
much more likely to be exposed to multiple stresses simultaneously (NCUBE; FINNIE; VAN STADEN, 
2012). Seasonal climatic changes are associated with a variety of different stress factors in combination, 
and hence, the response of plants are not always predictable and are highly complex (HOLOPAINEN; 
GERSHENZON, 2010). Nevertheless, these factors are most commonly investigated individually.
In this study, we detected a close relationship between photosynthesis and total tannin contents and 
a positive correlation of these parameters with temperature (Tables 1 and 2). The seasonal accumulation 
of tannins observed in Stryphnodendron adstringens in the rainy season is mainly dependent on carbon 
skeletons produced through the photosynthetic process, which has often been reported in literature 
(KORICHEVA et al., 1998; SANTOS et al., 2006; NYBAKKEN; SANDVIK; KLANDER, 2011) and it 
suggests that the rainy season is the best time in order to obtain the stem barks for medicinal purposes.
FIGURE 5: A- PCA biplot considering the environmental and biochemical variables in the dry and rainy 
seasons. B- PCA biplot considering the gas exchange and biochemical characteristics in the dry 
and rainy seasons. Photosynthetic photon flux density (PPFD), vapor pressure deficit (VPD), 
stomatal conductance (gs), net photosynthesis (A), transpiration rate (E), water use efficiency 
(WUE), maximum (WPmax) and minimum (WPmin) leaf water potential, maximum (TMAX), 
mean (TMED) and minimum (TMIN) air temperature, insolation (INSOL), rainfall (RAINF), 
relative air humidity (RH), PAL activity (PAL) and total phenol (PHEN) and tannin (TAN) 
contents. Dark circles represent the rainy season and light circles the dry season. 
FIGURA 5: A - Gráficos sobrepostos da PCA considerando as variáveis ambientais e bioquímicas nas 
estações seca e chuvosa. B - Gráficos sobrepostos da PCA considerando as características 
de trocas gasosas e bioquímicas nas estações seca e chuvosa. Densidade de fluxo de fótons 
fotossinteticamente ativos (PPFD), deficit de pressão de vapor (VPD), condutância estomática 
(GS), fotossíntese líquida (A), transpiração (E), eficiência no uso da água (WUE), potencial 
hídrico foliar máximo (Wpmax) e mínimo (WPmin), temperatura do ar máxima (TMAX), 
média (TMED) e mínima (TMIN), insolação (INSOL), precipitação (RAINF), umidade 
relativa do ar (RH), atividade da PAL (PAL) e teores de fenóis (PHEN) e taninos (TAN) totais. 
Círculos escuros representam estação chuvosa e círculos claros representam estação seca. 
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Heyworth et al. (1998) and Koricheva et al. (1998) described vegetable tannins as carbon-based 
secondary compounds and noted that their biosynthesis related to growth or differentiation processes in 
plants is regulated by the availability of environmental resources. According to Zobayed, Affren and Kozai 
(2005), one of the major environmental factors affecting the physiological processes of plants, especially 
photosynthesis and growth, is temperature. In this context, increased concentrations of secondary metabolites 
may also be associated with the partitioning and translocation of carbon for incorporation into carbon-based 
secondary compounds. Recent biochemical and molecular studies strongly support the idea that the levels 
of carbon-based secondary compounds are positively linked to the contents of available photosynthates 
(carbon, C) and negatively linked to growth and nutrient status (nitrogen, N) in plants (NYBAKKEN; 
SANDVIK; KLANDER, 2011).
CONCLUSION
 This study suggests that seasonal accumulation of tannins in Stryphnodendron adstringens with 
the highest contents in the rainy season is dependent on carbon skeletons produced in the photosynthetic 
process. These results encourage additional agronomic and biochemical studies, with the perspective of 
sustainable use of this species for economic and medicinal purposes.
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